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Abstract:
Cell morphologies, defined by plasma membrane (PM) local curvature, change during mitogendependent function and pathology, such as growth, division and proliferation. The lipid-anchored Ras small GTPases are essential upstream regulators of the mitogen-activated protein kinases (MAPKs) cascades and play key roles in many pathological conditions, especially cancer. Ras 5 signaling is mostly compartmentalized to the cell PM through the formation of nanometer-sized domains, termed as nanoclusters, and undergo selective lipid sorting for efficient effector recruitment and activation. Thus, Ras function might be sensitive to changing PM curvature, potentially regulating mechanosensing of mitogen signaling. We employed nanofabrication and super-resolution imaging and found that Ras functions respond to PM curvature modulations in 10 an isoform specific manner: nanoclustering and signaling of the most oncogenically prevalent isoform K-Ras favor less curved PM, while those of another isoform H-Ras favor more curved PM. We then examined whether Ras membrane curvature sensing is mediated by lipid sorting. We found that anionic phospholipids sense changing PM curvature in distinct manners: phosphatidylserine (PS) localization shows preference for less curved membrane but 15 phosphoinositol 4,5-bisphosphate (PIP 2 ) localization favors more curved PM. Depletion of endogenous PS abolishes K-Ras PM curvature sensing. Exogenous PS addback and synthetic bilayer binding assays further show that only mixed-chain PS species, but not other PS species, mediate K-Ras curvature sensing. Taken together, the Ras proteolipid nano-assemblies on the PM act as relay stations to convert mechanical stimulations to mitogenic signaling circuits, thus 20 a novel mechanism for cancer cell mechanotransduction. 
Introduction:
Cell morphology changes during mitogen-regulated growth, division, proliferation and migration 1 , and correlates with mitogen-dependent cancer cell transformation and epithelialmesenchymal transition 2 . How cell morphology corresponds with the intracellular mitogenic signaling is poorly understood. Cell shape is defined by the changes in the plasma membrane 5 (PM) curvature, which may alter the spatial distribution of lipids 3 . The lipid-anchored Ras small GTPases (H-Ras, N-Ras, and splice variants K-Ras4A and K-Ras4B) are essential regulators of mitogenic signaling and are highly mutated in cancer 4,5 . Ras signaling is mostly compartmentalized to the PM 4-6 , which causes Ras function to be potentially sensitive to the changing lipid distribution at the curved PM. Ras isoforms use their C-terminal membrane 10 anchoring domains to interact with PM constituents 5,6 . Because of their structurally distinct membrane-anchoring domains, Ras isoforms interact with lipids in the highly heterogeneous PM in an isoform-specific manner 6 . The selective lipid sorting of Ras results in the formation of nanometer-sized domains, termed as nanoclusters, in an isoform-dependent manner 6,7 .
Ras/lipid nanoclusters are essential to the signaling of both wild-type and constitutively active 15 oncogenic mutants of Ras. This is because most of the Ras downstream effectors contain specific lipid-binding domains and require binding to both active Ras and specific lipid types for efficient PM recruitment and activation 6, 8 . Thus, the structural integrity of the Ras proteolipid nano-assemblies and the Ras-dependent MAPK signaling may depend on membrane curvature. To test this hypothesis, we manipulated the curvature of the PM of intact/live cells, 20 isolated native PM or synthetic bilayers via established and novel methods. Using quantitative imaging methodologies, we show that the PM localization, the nanoclustering and the signaling of K-Ras4B (the most oncogenically prevalent isoform and simply referred to as K-Ras below) favor low curvature whereas those of H-Ras prefer large curvature. We further explored potential molecular mechanism and found that the membrane curvature sensing of K-Ras is 25 mediated via the selective sorting of distinct anionic phospholipid phosphatidylserine (PS) species. Thus, Ras/lipid nanoclusters on the PM act as structural relay stations to convert cell surface morphological modulations to intracellular mitogenic signaling.
Results

5
Plasma membrane localization of Ras senses plasma membrane curvature modulations in an isoform specific manner. We first tested how the lipid-driven Ras spatiotemporal organization on the PM may be sensitive to PM curvature. Membrane curvature is a highly dynamic property difficult to manipulate because PM curvature is linked with many other membrane properties, such as mechanics, cytoskeletal organization and extracellular matrix. We, thus, employed a 10 series of novel and established methodologies to manipulate PM curvature, in an effort to better correlate the membrane curvature-dependent phenomena. Specifically, in intact/live cells, we used a novel nanofabrication technique to precisely induce PM curvature in live cells 9 , expression of Bin-amphiphysin-Rvs domains (BAR) domains to induce PM curvature 10, 11 , or incubation of cells/isolated native vesicles in buffers with different osmolality to introduce 15 osmotic imbalance across the PM to modulate PM curvature 12, 13 . In synthetic vesicles, we used vesicle sizes to define bilayer curvature 14, 15 .
The first method employed in our study was a novel nanofabrication technology, which manufactures an array of nanobars with a length of 2µm and a width of 250nm (yielding a curvature radius of 125nm at the curved ends) on SiO 2 substrates (Fig.1A) 9 . Thus, each 20 nanobar contains two highly curved ends and a comparably flat center region 9 . Homo sapiens bone osteosarcoma U-2OS cells were grown over the nanobars, with their basolateral PM tightly wrapping around the nanobars and generating PM curvature with a precise curvature radius 9 . We used confocal imaging to quantify the fluorescence distribution of GFP-K-Ras G12V (a constitutively active K-Ras oncogenic mutant), GFP-tH (minimal anchor of H-Ras) or 25 mCherry-CAAX motif on nanobars ( Fig.1B-G) . We focused on these 3 protein/peptides because they have been established to sort distinct lipid compositions [16] [17] [18] [19] . Specifically, K-Ras G12V selectively sorts PS, while tH heavily favors cholesterol and phosphoinostol 4,5-bisphosphate (PIP 2 ) [16] [17] [18] . On the other hand, the CAAX motif interacts with the membranes randomly and lacks the ability to detect structural changes in the lipid bilayers 9 . To better quantify the potential PM curvature preferences, we calculated the fluorescence ratio at curved ends / flat center as a measure of PM curvature preferences 9 . Averaged fluorescence heatmaps and quantification 5 show that mCherry-CAAX had the lowest fluorescence intensity ratio between the curved nanobar ends and the flat nanobar center ( Fig.1H and I). GFP-K-Ras G12V and GFP-tH distributed more to the curved ends, with GFP-tH displaying a higher curvature preference ( Fig.1H and I) . The frequency distribution further shows that the ends / center fluorescence ratios of GFP-tH distributed more towards the curved ends of the nanobars than those of GFP-10 K-Ras G12V (Fig.1J ). Taken together, the PM localization of Ras proteins senses membrane curvature changes in an isoform-specific manner: the PM binding of K-Ras G12V favors less curved PM than H-Ras anchor, whereas the CAAX motif showed minimal preference for PM curvature.
To further validate the curvature-induced changes in Ras localization to the cell PM, we 15 next performed electron microscopy (EM)-immunogold labeling 17, 18 . To better correlate with the nanobar data above, we used several established methods to modulate PM curvature: (1) to further induce PM curvature, we ectopically expressed the membrane curvature sensing/modulating BAR domain of amphiphysin 2 (BAR amph2 ) 20,21 ; (2) to decrease PM curvature, we incubated cells in hypotonic medium, where a typical growth medium was diluted 20 with 40% deionized water, for 5 minutes. We, thus, established a gradient of PM curvature magnitudes: flat (hypotonic incubation), normal (untreated cells), elevated (expression of BAR domains). After acute PM curvature modulations, the apical PM sheets of baby hamster kidney (BHK) cells expressing GFP-tagged Ras were attached to copper EM grids and immunolabeled with 4.5nm gold nanoparticles conjugated to anti-GFP antibody. The PM sheets were imaged 25 using transmission EM (TEM) at a magnification of 100,000x and the number of gold nanoparticles within a select 1µm 2 PM area was counted as an estimate of PM binding of the GFP-tagged Ras (Fig.S1A , C and E). Fig.2A (as well as Fig.S1I ) shows the mean number of gold particles/1µm 2 PM area in BHK cells with the elevated PM curvature. The gold numbers of the full-length constitutively active and oncogenic mutant GFP-H-Ras G12V (H-Ras) or that of the truncated minimal membrane-anchoring domain GFP-tH (tH) were markedly higher than those 5 of the oncogenic mutant GFP-K-Ras G12V (K-Ras) or the truncated minimal membrane-anchoring domain GFP-tK (tK) ( Fig.2A and Fig.S1I ). This data is entirely consistent with the nanobar data shown in Fig.1 . To further validate the potential PM curvature preferences of Ras isoforms, we flattened BHK cell PM via incubating the cells in hypotonic medium for 5 minutes in the same batch of EM experiments. Fig.2B and Fig.S1I show that, with the PM flattened, the PM binding 10 of GFP-K-Ras G12V or GFP-tK is significantly higher than that of H-Ras constructs, also consistent with the observed Ras isoform-specific curvature preferences in Fig.1. Fig.2C and Ras nanoclustering/oligomerization depends on PM curvature modulations in an isoform specific manner. Once localized to the cell PM, Ras proteins selectively sort PM lipids to laterally form nanometer-sized domains, termed as nanoclusters, in an isoform-specific manner.
Ras nanodomains concentrate select sets of lipids, which is functionally important because most Ras effectors contain specific lipid-binding domains and require binding to particular lipids 20 for proper PM localization and activation. Ras nanoclustering does not necessarily correlate with their localization to the membranes. For instance, changing PS levels in the PM directly alters both the PM localization and the nanoclustering of K-Ras 16, 18, 22, 23 . On the other hand, altering transmembrane potential or actin organization perturbs only K-Ras lateral clustering without changing its PM localization 18, 24 . Supplementation of distinct PS species, such as the mono-25 unsaturated di18:1 PS (DOPS), increases K-Ras PM localization without changing its nanoclustering 17 . To quantify the potential sensitivity of Ras nanoclustering to PM curvature modulations, we used the same electron micrographs utilized in the above gold number analyses ( Fig.2A-C ) and calculated the lateral spatial distribution of the immunogold labeling via the Ripley's K-function analysis [17] [18] [19] . Fig.S1B , D and F display the color-coded spatial Specifically, the presence of the BAR domain shifted the distribution of GFP-K-Ras G12V towards monomers, when compared with the distribution of GFP-K-Ras G12V in cells with normal curvature. To further examine whether the responses of Ras nanoclustering to changing PM curvature were dependent upon the specific BAR amph2 (an N-BAR) domain used above, we tested another BAR FCC (an F-BAR) domain, which effectively induces PM curvature while 10 sharing little sequence homology with the BAR amph2 domain 25 . Fig.2H shows that the nanoclustering of GFP-K-Ras G12V is markedly lower than that of GFP-tH in BHK cells expressing BAR FCC (Elevated PM curvature), consistent with the effects of the BAR amph2 domain shown above. When the BAR FCC is truncated to remove the coiled-coil domain, the resulting BAR FCH domain still binds to the PM but no longer bends the membrane 25 . In BHK cells expressing the 15 BAR FCH domain (nonBAR), the nanoclustering of both Ras isoforms did not respond ( Fig.2H) . To further validate the potential contribution of the cell PM to our observed changes in Ras clustering shown above, we next measured Ras oligomerization on the bilayers of the isolated native cell PM in the absence of all other intracellular constituents. We generated giant plasma membrane vesicles (GPMVs) from BHK cells. The GPMV is an ideal system for testing PM curvature sensitivity because they contain near-native PM constituents without any other 25 cytoplasmic contents, such as cytoskeleton and endomembranes 26 . The GPMVs containing GFP-tH with either empty vector pC1 or RFP-tH were subjected to HEPES buffers with different osmolality for 5 minutes before measuring the fluorescence lifetime of GFP, which was used to calculate FRET efficiency. The difference in osmolality across the bilayer is termed as DOsm, where increasing DOsm indicates gradual dilution of the external buffer, thus flattening of the bilayer. Fig.S2I shows that the FRET efficiency between GFP-tH and RFP-tH decreased as a 5 function of elevating DOsm, suggesting that the oligomerization of the H-Ras anchor decreased dose-dependently as the vesicle membranes were flattened. Interestingly, the FRET efficiency between GFP-and RFP-tK showed a biphasic behavior: (1) below the DOsm threshold of ~100mM, the FRET efficiency increased as a function of elevating DOsm; (2) above the DOsm threshold of ~100mM, the FRET efficiency decreased as a function of elevating DOsm (Fig.S2I ). 10 The initial increase in FRET between GFP-and RFP-tK was likely caused by enhanced clustering upon flattening of the GPMV bilayer. The second FRET phase at high DOsm > 100mM was likely because the high hypotonic pressure over-stretched the bilayer and disrupted the global organization of the bilayer. Taken together, using multiple methods to manipulate membrane curvature in intact cell PM, live cells and isolated native PM, we show consistently 15 that the spatiotemporal organization (PM localization and nanoclustering) of Ras proteins is dependent upon membrane curvature in an isoform specific manner: K-Ras (either full-length constitutively active oncogenic mutant K-Ras G12V or the truncated minimal membrane-anchoring domain tK) favors less curved membranes, whereas H-Ras (either full-length oncogenic mutant H-Ras G12V or the truncated membrane-anchoring tH) favors more curved membranes. 20 Spatial segregation of PM lipids senses PM curvature in distinct manners. We next explored a potential mechanism mediating Ras membrane curvature sensing. In synthetic and in silico bilayers, the local distribution of lipids change at curved bilayer. Since Ras proteins undergo selective lipid sorting on the cell PM during the formation of signaling-essential nanoclusters, 25 Ras membrane curvature sensing is potentially mediated via selective lipid sorting. However, the curvature-shifted lipid distribution in cells has been controversial 21 . Specifically, how lipid headgroups and acyl chains influence their ability to sense membrane curvature in intact cells is not well established. To first quantify the spatial distribution of lipids upon PM curvature modulations in cells, we used EM-spatial analysis 17, 18 . PM lipid headgroups were probed via the 5 GFP-tagged lipid-binding domains in BHK cells 17, 18 . The PM curvature was modulated as 
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To further characterize potential curvature preference of various lipids in the PM, we quantified co-localization between the GFP-tagged lipid-binding domains and the RFP-tagged BAR domains inducing opposite curvature directions: RFP-BAR amph2 to induce negative curvature or RFP-BAR IRS53p to induce positive curvature. GFP and RFP on the intact PM sheets attached to the EM grids were immunolabeled with 6nm gold conjugated to anti-GFP antibody 25 and 2nm gold conjugated to anti-RFP antibody, respectively. The gold nanoparticles were imaged using TEM and the spatial co-localization between the two populations of the gold particles was calculated using the Ripley's bivariate K-function analysis ( Fig.S3A and B ). The extent of the co-clustering, L biv (r)-r, was plotted against the cluster radius, r, in nanometers ( Fig.S3C ). To summarize the co-localization data, we calculated the area-under-the-curve values for all the L biv (r)-r curves between the cluster radii (r) range of 10-110nm to yield values 5 of L-function-bivariate-integrated (LBI, Fig.S3C ). The higher LBI values indicate more extensive co-localization, with an LBI value of 100 as the 95% confidence interval (95%C.I., the green line in Fig.S3C ). PS, PIP 2 , PA and cholesterol, but not PIP 3 , co-localized with BAR amph2 . All lipids tested co-localized with BAR IRS53p . Further, PA and cholesterol co-localized more extensively with BAR amph2 than with BAR IRS53p (Fig.3C ). Thus, the spatial packing of PM lipids responds to Distinct PS species mediate K-Ras membrane curvature sensing. K-Ras nanoclusters contain 5 distinct PS species, specifically mixed-chain PS species 17 . Further, effector recruitment by the constitutively active oncogenic mutant K-Ras G12V occurs only in the presence of the mixed-chain PS but not other PS species tested 17 We, here, show that the nanoclustering, PM binding and PM curvature affinity of different PS species responded to changing PM curvature in distinct manners ( Fig.3E-H) . To test if different PS species selectively mediated K-Ras PM curvature (Fig.4C ). We then tested the potential selectivity of various PS species in cells via supplementation of synthetic PS species under the endogenous PS depletion (DFBS). Addback of only POPS, but not DSPS or DOPS, effectively restored the curvature sensitivity of GFP-K-Ras G12V (Fig.4C ). Thus, different PS species selectively mediate K-Ras PM curvature sensing consistently in intact cells and synthetic vesicles.
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To further examine whether K-Ras PM curvature sensing is mediated by lipid sorting, we compared the clustering of unphosphorylated vs. phosphorylated K-Ras G12V in BHK cells.
Because of the K-Ras phosphorylation site Ser181 is located in its minimal membrane anchoring domain immediately adjacent to its polybasic domain (Lysines 175-180), Ser181 phosphorylation switches K-Ras lipid preference from PS to PIP 2 17 without interfering with its 5 ability to recruit downstream effectors 30,31 . As PIP 2 local segregation favors more curved membranes, opposite of PS ( Fig.3A and B ), comparing unphosphorylated vs. phosphorylated K-Ras G12V is ideal for examining the potential lipid dependence of K-Ras PM curvature sensing.
The nanoclustering and PM binding of GFP-K-Ras G12V in untreated cells, or an unphosphorylatable mutant GFP-K-Ras G12V/S181A , responded consistently ( Fig.4D and E ). On the 10 other hand, the clustering and PM binding of the phosphorylated GFP-K-Ras G12V in BHK cells treated with 500µM cGMP 17 or those of a phospho-mimetic mutant GFP-K-Ras G12V/S181D were gradually enhanced upon PM curvature elevation ( Fig.4D and E) . Thus, the phosphorylated K-Ras switches its PM curvature preference to more curved PM. Taken together, K-Ras membrane curvature sensing is largely driven by its ability to selectively sort lipids in the PM. 
Discussion:
Mitogenic signaling that regulate cell growth, division, proliferation and migration, lipids than other Ras isoforms to form nanoclusters, which results in the isoform-specific effector recruitment and signal propagation [16] [17] [18] [19] 24, 36, 46 . Here, we report that the spatiotemporal We then focused on K-Ras for exploring a potential mechanism for its membrane curvature sensing because of its important activities in cancer. Because we have shown previously that K-Ras selective sorts PS in nanocustering, effector binding and signaling, we propose that PS is an important factor mediating K-Ras curvature sensing. The potential roles of Although specific interactions between membrane proteins and BAR domains may 15 contribute to their membrane curvature sensing, it is unlikely that K-Ras uses this mechanism in its PM curvature sensing. While we used ectopically expressed BAR domains to further elevate PM curvature, we also manipulated PM curvature using many methods in the absence of overexpressed BAR domains. We observed consistent responses from either the full-length K-Ras G12V or the minimal anchoring domain tK to BAR-induced membrane curvature modulations. 20 Thus, it is unlikely Ras membrane curvature sensing is caused by specific interactions between Ras and the BAR domains. Rather, selective sorting of PM lipids by Ras is likely a mechanism mediating Ras curvature sensing.
An interesting observation in our current study is that different PS species with distinct acyl chain structures respond to changing PM curvature in distinct manners. Electrostatic have the lowest J o values (-0.022 nm -1 ), thus less likely to pack well in curved membranes. This is consistent with our observations to suggesting that the PM curvature preferences of different 20 PS species correlate with their packing geometries.
Materials and Methods
Materials:
GFP-BAR amph2 , GFP-BAR EFC and GFP-BAR FCH have been generously provided by Dr. Pietro De Camilli at the Yale University.
Methods:
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Electron microscopy (EM)-spatial analysis
EM-univariate spatial analysis
The univariate K-function analysis calculates the nanoclustering of a single population of gold immunolabeling on intact PM sheets 17, 18 . Intact PM sheets of cells ectopically expressing GFPtagged proteins/peptides of interest were attached to copper EM grids. After fixation with 4% 10 paraformaldehyde (PFA) and 0.1% gluaraldehyde, GFP on the PM sheets was immunolabeled with 4.5nm gold nanoparticles conjugated to anti-GFP antibody and negative-stained with uranyl acetate. Gold distribution on the PM was imaged using TEM at 100,000x magnification. The coordinates of every gold particle were assigned via ImageJ. Nanoclustering of gold particles within a selected 1μm 2 area on intact PM sheets was quantified using Ripley's K-function. The 15 test is designed to test a null hypothesis that all points in a selected area are distributed randomly:
where K(r) indicates the univariate K-function for n gold nanoparticles in an intact PM area of A; 20 r is the length scale between 1 and 240 nm with an increment of 1nm; || . || is Euclidean distance; where the indicator function of 1( . ) = 1 if ||x i -x j || £ r and 1( . ) = 0 if ||x i -x j || > r. To achieve an unbiased edge correction, a parameter of w ij -1 is used to describe the proportion of the circumference of a circle that has the center at x i and radius ||x i -x j ||. K(r) is then linearly transformed into L(r) -r, which is normalized against the 99% confidence interval (99% C.I.) where K biv (r) is the bivariate estimator comprised of 2 separate bivariate K-functions: K bs (r)
describes the distribution of all the big 6nm gold particles (b = big gold) with respect to each 2nm-small gold particle (s = small gold); and K sb (r) describes the distribution of all the small gold particles with respect to each big gold particle. The value of n b is the number of 6nm big gold particles and the value of n s is the number of 2nm small gold particles within a PM area of A.
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Other notations follow the same description as explained in Eqs.A and B. K biv (r) is then linearly transformed into L biv (r)-r, which was normalized against the 95% confidence interval (95% C.I.).
An L biv (r)-r value of 0 indicates spatial segregation between the two populations of gold particles, whereas an L biv (r)-r value above the 95% C.I. of 1 at the corresponding distance of r indicates yields statistically significant co-localization at certain distance yields. Area-under-the- against 1000 bootstrap samples as described 17, 18 .
FLIM-FRET in GPMVs
BHK cells co-expressing GFP-tagged Ras anchors and the empty vector pC1 or RFP-tagged Ras anchors were grown to ~85% confluency and washed with 2x HEPES buffer. Cells were 20 then incubated in HEPES buffer containing 2mM NEM for ~90 minutes to induce blebbing 49 .
GPMVs containing GFP-and RFP-tagged Ras anchors (or GFP-tagged Ras anchors with pC1)
were then incubated in HEPES buffers containing various percentages of de-ionized water (hypotonic conditions) or concentrations of NaCl (hypertonic conditions) for 5 minutes.
GFP fluorescence was visualized using a Nikon TiE wide-field microscope using a 60x oil-emersion PLAN-Apo / 1.4 numerical aperture lens 17, 18 . The fluorescence lifetime of GFP was measured using a Lambert FLIM unit attached to the wide-field microscope. GFP was excited using a sinusoidally stimulated and modulating 3-watt 497nm light-emitting diode (LED) at 40Hz.
At least 20 vesicles were imaged and the fluorescence lifetime values were pooled and 5 averaged. Statistical significance was evaluated using one-way ANOVA, with * indicating p < 0.05.
Fabrication and Characterization of Quartz Nanostructures:
Nano-fabrication: Nanostructures used in this work were fabricated on the square quartz wafer Transfection: For GFP-K-RasG12V and GFP-tH transfection in U2OS cells, 1 μg plasmid was mixed with 1.5 μl Lipofectamine 3000 (Life Technologies) and 2 μl P3000 reagent (Life Technologies) in Opti-MEM (Gibco) and incubated for 20 mins at room temperature. The medium of the cells to be transfected was then changed to Opti-MEM and the transfection mixture was added. Next, the cells were incubated at 37°C in Opti-MEM. After 4 hours, the 5 medium was changed back to regular culture medium and the cells were allowed to recover for additional 4 hours before imaging.
Live-cell imaging and quantification: Live imaging of the transfected U2OS cells on regular
nanobar arrays (250 nm wide and 2 μm long) was performed using laser scanning confocal microscopy (Zeiss LSM 800 with Airyscan). In particular, a Plan-Apochromat 100x/1.4 oil 10 objective was used. Excitation of EGFP was performed at 488nm and detection was at 400-575nm. Images had a resolution of 1024×1024 pixels, with a pixel size of 62nm and a bit depth of 16. During imaging, cells were maintained at 37°C in an on-stage incubator with FluoroBrite DMEM (Gibco). Z stack images were acquired at 512×512 pixels with 100nm distance between frames. 15 The curvature preferences of KG12V and tH (Fig.2) were measured on regular nanobar arrays. After averaging the z-stack images captured using confocal, the background intensity of each image was subtracted by a rolling ball algorithm in Fiji with 3-pixel radius. The protein intensities at nanobar ends and centres were quantified using a custom-written Matlab (MathWorks) code and bar-end / bar-center ratio were calculated and displayed as mean ± 20 s.e.m as indicated in the figure.
Raster image correlation spectroscopy-number and balance analysis (RICS-NnB)
Fluorescence measurements for N & B analysis were carried out with Nikon A1 confocal microscope using CFI Plan Apo IR 60× 1.27 NA water immersion objective at 22 °C. Live cells were maintained at 37 °C in Dulbecco's modified Eagle medium (DMEM), 10% bovine calf serum (Hyclone) and 5% (v/v) CO 2 in a 35 mm glass bottom dish (MatTek Corporation). Cells were imaged in live cell imaging solution containing HEPES buffered physiological saline at pH 7.4 (Life Technologies). Fluorescence images were acquired using a 488 nm laser power at 0.5% that corresponded to 1.75 mW at the measured samples. Rest of the measuring 5 parameters and microscope settings were similar to what has been described in previous report 50 . Briefly, for the N & B analysis, acquired images were scanned with 64 x 64 pixels box along the cell margins. Brightness values of the BHK cells expressing mem-EGFP (membrane-bound EGFP, a GFP containing an N terminally palmitoylated GAP-43 sequence cloned in a pEGFP-1 vector, have been used as brightness standards and for calibrating laser power and other 10 microscope parameters. Our data have been analyzed following previous reports 50 . Oligomeric size of KRAS has been determined as the ratio of the measured brightness and the brightness of monomeric mem-EGFP after subtracting the apparent brightness of immobile molecules. 15 Fully processed KRAS4b was produced and purified as described before 51 
Surface plasmon resonance (SPR)
Western blotting
BHK cells were grown in DMEM containing 10% BCS to ~85-90% confluency and pre-serumstarved for 2h before incubation with hypotonic medium containing various percentages of deionized water for 5 minutes. Whole cell lysates were collected. In reversibility experiments, preserum-starved BHK cells were exposed to hypotonic medium containing 40% water for 5 5 minutes before being returned to isotonic medium for various time length before harvesting.
Whole cell lysates were used and blotted using antibodies against pMEK, pERK and pAkt. Actin was used as loading control. Each experiment was performed at least 3 times separately and data was shown as mean±SEM. Statistical significance was evaluated using one-way ANOVA, with * indicating p < 0.05. 
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All data is available in the main text or the supplementary materials. The statistical significance in the clustering analyses was evaluated using the bootstrap tests, Pre-serum-starved BHK cells were incubated in the media containing 40% water for 5 minutes before being returned to the isotonic media for various time periods. (C) Ras-less MEF lines were subjected to HEPES buffers at either isotonic (Iso) or hypotonic (Hypo) osmolalities for 5 minutes before harvesting. The whole cell lysates were used for blotting against the phosphorylated MEK, ERK and Akt (pMEK, pERK and pAkt). Three independent experiments were conducted for each set.
